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INTRODUCTION
Many research groups 1, 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] have measured the THz absorption spectra of explosives and related materials and they are found to have spectral fingerprints in the THz region. The spectral fingerprints are collectively due to the inter-molecular and intra-molecular vibrations. Various electromagnetic radiations such as X ray, microwave and gamma rays have been employed in explosive detection. The THz method has the advantages that it can penetrate a variety of materials including paper, clothing and ceramics while simultaneously only involving low photon energies and hence it does not cause any photo-ionization; moreover, it is a nondestructive technique.
The bulk of the previous work on THz spectroscopy of explosives has been performed at room temperature using THz-TDS. 3, 17 There are few reports on the THz spectra at low temperatures.
Moreover, the available low-temperature reports focus on a particular temperature, without studying the temperature dependence of the spectrum over a broad range. For example, Laman et al. 1 reported on 2, 4 dinitrotoluene (2, 4-DNT) cooled to 11 K while Ewelina et al. 5 investigated various explosives cooled to 78 K; in contrast, Burnett et al. 18 studied RDX over a wide range of temperatures. In the present work, the temperature dependence of the THz spectrum of 2, 4-DNT is reported down to 7 K. We observe several new low-temperature absorption lines below 100 cm -1 , which are useful in studying structure and interactions in DNT. We also observe a new room-temperature absorption line at 8.52 THz (281 cm -1 ), which may be useful in security applications. In addition, for the first time, we provide detailed hybrid DFT calculations to identify the origin of the absorption lines. Both blue and red shift with temperature was obtained for low-energy absorption lines. This reveals the importance of the type of hydrogen bonding and associated charge transfer between the hydrogen-bonded molecules for the absorptions at energies below 100 cm -1 . Our combined theoretical calculations and experimental study involving systematic variation of the temperature, provide new insights into the spectroscopy of 2, 4-DNT, and, by extension, other explosives and organic compounds.
EXPERIMENTAL AND COMPUTATION METHODS
The THz spectrum of a 2, 4-DNT pellet was measured using a FTIR Bomem DA8 spectrometer both at room temperature and at cryogenic temperatures. The 2, 4-DNT used was purchased from Sigma-Aldrich. Pellets of 1 mm thickness and 9 mm diameter were made by pressing a mixture of polyblend and 2, 4-DNT at 4500 psi for 30 seconds. The concentration of 2, 4-DNT in the pellet was 5% by weight. A continuous-flow Oxford Optistat cryostat was employed for cooling the sample. The cooling was through the use of helium gas. The sample was cooled from 245 K to 7 K with a step size of 14 K. The spectra were collected with a resolution of 0.5 cm -1 (0.015 THz). More details of the experimental conditions can be found elsewhere 19 . Data analysis was via the IGOR software package. The absorption peaks obtained experimentally were fitted with Lorentzian curves to determine the line position, width, intensity and their corresponding uncertainties.
Numerical modeling of the absorption lines was performed with the ORCA software package 20 on one and two molecules of 2, 4-DNT, in the harmonic approximation and without thermal excitations. The hybrid Perdew-Burke-Ernzerhoff gradient-corrected functional was used (PBE0), 21, 22 with 25% of Hartree-Fock exchange energy. Additionally, the Tao-PerdewStaroverov-Scuseria 23 meta-generalized, gradient-corrected functional with 10% of Hartree-Fock exchange energy was used, TPSSh. 24 The TPSSh method includes the kinetic energy density of the occupied orbitals and is an improvement over PBE0. For both, def2-TZVPP basis sets 25, 26 with Pople ++ diffuse functions 27 and an empirical van der Waals correction (VDW06) 28 RESULTS AND DISCUSSION Figure 1 shows the optimized geometry of a single 2, 4-DNT molecule using TPSSh method.
The ortho-and para-nitrous groups make dihedral angles of 28.5˚ and 0.8˚, respectively, with the benzene plane. The shortest distance between the nitrous oxygen and methyl hydrogen is respectively. There is a very good correspondence between the observed and calculated absorption lines at room temperature and thus the use of scaling factors 33 was not necessary. All observed lines were accounted for by the modeling. There is a slight shift in energy between the PBE0 and TPSSh lines, with PBE0 giving a better agreement with experiment in terms of the line intensity. This may be due to higher proportion of the exact exchange energy in PBE0 than in TPSSh. Nevertheless, the agreement with experiment is remarkable, considering that the modeling was done on a single molecule. Crystal interactions are certain to affect the intensity and energy of the absorption lines. Good agreement between the non-scaled numerical and observed absorption energies shows that the anharmonic effects within DNT molecules are small. 33 This agreement further indicates that the inter-molecular bonds are much weaker than the intra-molecular ones, affecting only weakly the intra-molecular vibrational energies. around its bond with benzene ring, counteracted by out-of-plane rocking of benzene ring (Media 2). However, we do not list it in Table 1 , because experiment does not identify a distinct line.
Two multimedia files were produced for some modes (with suffix a or b), to help visualize both in-plane and out-of-plane vibrations. The mixing of the in-plane and out-of plane vibrations for these modes is most likely due to hydrogen and van der Waals and hydrogen bonds between the atoms in the molecule. For example, a pure in-plane vibration of the benzene ring would exert a pull on the out-of-plane atoms via the intra-molecular hydrogen and van der Waals interactions, mixing out-of-plane vibrations into a basically in-plane mode.
Having established the credentials of our methods at room temperature, we now turn to the temperature dependence of the absorption lines. None of the intra-molecular absorption lines in Table 1 changed significantly by cooling to 7 K, within the used accuracy of our set-up.
However, access to low temperatures enabled us to observe numerous additional absorption lines, which were obscured at room temperature by strong thermal excitations. These absorption lines correspond to inter-molecular vibrations and they do not appear in the numerical model of a single 2, 4-DNT molecule. Figure 4 shows the result of the numerical calculations for two DNT molecules. Not all the experimental absorptions lines were obtained in the calculations because only two molecules were modeled. Calculations with more molecules could not be completed because they are excessively time consuming. However, it is unclear how reliable our line assignment is in this region, as many experimental lines were not accounted for. Figure 5 shows the optimized geometry of the two DNT molecules. Initial geometry for this dimer modeling was such that both molecules were in-plane and the out-of-plane structure shown in Fig. 5 was obtained after a lengthy geometry optimization using Tight Optimization option in Orca package, with convergence criterion for energy of 27 x 10 -6 eV. The optimized geometry was not exactly what is expected for this crystal. The dihedral angles between the aromatic plane and ortho-or para-nitro-groups were obtained as 20° and 7° respectively for one molecule, whereas they were both 15° for the other molecule in our modeling. In the crystal, these values should span from ~5° to ~45° for different molecules in the unit cell. 34 The two A distinct blue shift of absorption bands with temperature was also reported for sucrose by Walther et al.. 41 Two absorption bands shift to higher energies with increasing temperature, reach a peak and then decrease in energy with further warming. Such blue shift was not reported for the absorption bands above 1.8 THz. A mechanism involving interplay between the hydrogen bonds and van der Waals bonds was suggested as the explanation for the observed peak in the blue shift. The blue shift for sucrose was shown to become more pronounced with deuteration. 41 In the Born-Oppenheimer approximation, nuclear and electronic excitations are de-coupled, resulting in identical potential energy surfaces for hydrogen and deuterium. Consequently, the effect of replacing hydrogen with deuterium would simply be an increase of the vibrating molecule mass. This would be expected to lower the vibrational frequencies, contrary to the observed stronger blue shift with temperature after deuteration. While the Born-Oppenheimer approximation is applicable to most systems, it was recently shown that it cannot be used for treatment of hydrogen bonds. 42 Rather, a numerical treatment that includes coupling of nuclear and electronic degrees of freedom is necessary to accurately describe the symmetry, energetics and isotope effect for a hydrogen bonded system, [CNHNC] -. It was shown that replacing hydrogen with a heavier isotope decreases the hydrogen bond length and that heavier isotope results in a larger electron density around the hydrogen site. 42 Therefore, the isotope effect indicates the importance of hydrogen bonds on the blue shift with temperature in molecular crystals. Putting together the observed heightened vibrational blue shift with deuteration for sucrose 41 and the modelled electron density increase around H-site with deuteration for
[CNHNC] -42 suggests that an increased electron density around H-site is associated with the blue shift of hydrogen bond vibrational frequency.
Similar values of blue shift as for DNT, normalized to the vibrational frequency of the corresponding band, have also been reported for other crystalline carbohydrates. 39 The blue shift was assigned to hydrogen bonds in molecular crystals, but no mechanism was presented. The red shift with very weak temperature dependence was assigned to van der Waals forces only. 40 The distance between nitrous oxygens and methyl or aromatic hydrogens in each 2, 4 -DNT molecule in our modelling is 2.55 Å or less. This is less than the sum of the van der Walls radii of hydrogen and oxygen and therefore hydrogen bonds can be formed between these atoms. The shortest inter-molecular distance between nitrous oxygen of one DNT molecule and methyl hydrogen of the other DNT molecule in the dimer obtained by our modelling is 2.34 Å.
Therefore, these bonds qualify as intra-molecular hydrogen bonds. 34 While hydrogen bonds are directional, highly bent inter-molecular hydrogen bonds have been reported. 43 Thermal expansion of molecular crystals occurs through lengthening of the intermolecular bonds. These are van der Waals and hydrogen bonds and they are much weaker than the intramolecular covalent bonds. Therefore, the vibrational modes responsible for the blue shift with temperature should be affected by the thermal lengthening of the inter-molecular hydrogen bonds. While the calculated vibrational frequencies are not accurate enough to enable a clear identification of the observed absorption bands (Fig. 4) , the corresponding vibrational modes should provide a fair idea of the molecular dynamics involved in this frequency range. In the following discussion we will show that the inter-molecular vibrational modes obtained by our modelling that involve the twist of ortho-NO 2 (Media 12-16 in Supporting Information) can blueshift with temperature.
Nitrous oxygen forms an intra-molecular hydrogen bond with methyl hydrogen (between O-9 and H-17 in Fig.7 ). Nitrous O-10 also forms an intra-molecular hydrogen bond with H-14. The frequency of this NO 2 twist around its bond with carbon ring (Fig.7) will be mainly determined transfer is expected between all of the atoms contributing to these hydrogen bonds. 37 This charge transfer will affect the frequency of the NO 2 twist. Numerical modeling on DNT dimer at TPSSh/def2-QZVPP level gives the twist mode of the ortho-NO 2 at 53.7 cm -1 (Media 12), at lower energy than for the single DNT molecule. This modelling was performed without taking into account thermal effects, effectively for very low temperatures. Thermal expansion of the inter-molecular hydrogen bond between H-17 and O-29 will now affect this charge transfer and twist frequency of the ortho-NO 2 group. Because the ortho-NO 2 twist mode undergoes a red shift with formation of DNT dimer, thermal lengthening of the bond between H-17 and O-29 should result in a blue shift of the ortho-NO 2 twist mode. Intra-molecular geometry will undergo much less thermal change, because much stronger covalent bonds are involved. This is our proposed mechanism for the observed blue shift with temperature. In the dimer, there are several modes involving ortho-NO 2 twist, as inter-and intra-molecular modes are coupled. This would account for more than one observed band blue-shifting with temperature (Fig. 6 ). On the other hand, this mode-coupling could also result in the shift of the vibrational energies by itself. The accuracy of the vibrational energy calculus is not great, even though the numerical errors are cancelled out when the difference between two modes is calculated. Therefore, comparison of vibrational energies obtained with the same method should be more reliable. Nevertheless, further verification of the proposed blue-shift mechanism is desirable. Length of hydrogen bonds is given in Å (white). Select atoms are labeled in green (H-14 etc.).
This figure was created using VMD graphical software. 32 We further study how the formation of the dimer affects the charge distribution on O-9, O-10, H-14 and H-17 (Fig. 7) . This can provide information on the associated vibrational energy change for hydrogen-bonded atoms in the molecule. 38, 41, 42 The thermal expansion is then accounted for by moving the second DNT molecule away from its numerically optimized position along the hydrogen bond between H-17 and O-29, by 5% of this bond length. Ensuing charge distribution then shows whether the vibrational modes of ortho-NO 2 undergo blue shift with temperature, as implied through comparison of the experiment and modelling of deuterated hydrogen bonds. 41, 42 Atomic charges in the molecules were calculated using CHELPG scheme. 29 The atomic charges in this scheme are fitted to reproduce the electrostatic potential at grid points around the molecule. This is a more reliable method than the standard charge population schemes (Mulliken, Löwdin) commonly found in the quantum chemistry computational packages, providing large enough grid density is used. We used the grid spacing of 0.15 Å, half of the default value in ORCA. The atoms of interest are at the edges of DNT dimer, where CHELPG method is accurate. To ensure that our atomic charge re-distribution is not an artefact of the DFT-based method used (TPSSh), CHELPG analysis was performed at TPPSSh/def2-QZVPP and also at RI-SCS-MP2/def2-QZVPP level. RI-SCS-MP2 is the Spin Component Scaled MP2 method, 30 with Resolution of Identity approximation. SCS-MP2 is substantially more reliable than the plain MP2 30 and they are both Hartree-Fock-based methods.
CHELPG analysis shows that the charges of atoms O-9, O-10 and H-17 become more positive with the formation of the dimer (Table 3) . Therefore, electron depletion occurs for these atoms.
Charge of H-14 becomes more negative, but changing by less than half of the amount occurring for the other 3 atoms. Qualitatively the same was obtained with TPSSh and SCS-MP2 methods.
This implies that the twist frequency of ortho-NO 2 , containing the hydrogen-bonding O-9 and O-10, decreases with the formation of the dimer. 41, 42 This is in agreement with our calculated change of the ortho-NO 2 twist frequency, which decreased from 55.9 cm -1 to 53.7 cm -1 with the formation of the DNT dimer. The effect of thermal expansion on the atomic charge distribution can be seen through CHELP analysis of the DNT dimer, for which the bond between H-17 and O-29 was lengthened by 5% along this bond (Table 3) . We chose relatively large 5% to ensure that the bond lengthening effect is larger than the uncertainty of the numerical procedure. The atomic charges become more negative with the 5% bond lengthening when using TPSSh method, by 0.5%, 0.5% and respectively. This shows that the intra-molecular hydrogen bonds of ortho-NO 2 group become electron-enriched with thermal expansion. As a result, the ortho-NO 2 twist mode shifts to higher energies. Therefore, atomic charge distribution analysis confirms the viability of the model we propose for the observed blue shift with temperature (Fig. 6 ).
Another distinctive feature of the absorption lines is the reduction in the line width with decreasing temperature as well as the sharpening of the line, as shown in Fig. 8 and Fig. 9, respectively. This behavior is systematic for all absorption lines at temperatures below 100 K, while there are fluctuations in both the line width and the line intensity for the lines C and E at higher temperatures. Interestingly, the frequency shift of the line C is linear throughout the temperature range, while it is anomalous for the line E above 200 K. The rates at which the energy, the line width and line intensity changed with temperature are presented in Table 4 . The parameters in this table were extracted from the observed spectra assuming a linear temperature dependence of the three properties of the lines. It was observed that most of the red-shifting lines shift at higher rates than the blue-shifting lines (Table 4) .
Interestingly, the ratio of the intensity decrease rate to the energy shift rate is almost the same (close to 0.2 a.u./cm -1
) for six out of ten lines (not the lines A, B, C and F). There was no straightforward trend observed in the rate of line width change. In some instances it is high for lines which blue shift with temperature and other instances it is high for lines which red shift with temperature. We observed a new room-temperature intra-molecular line at 8.52 THz, which corresponds to out-of-plane rocking of benzene ring, counteracted by out-of-plane vibration of CH 3 . Intermolecular absorption lines start appearing below 250 K and they shift with temperature.
Modeling with two DNT molecules gives 7 lines, however it is difficult to identify which experimental lines they correspond to. Our measurements give five absorption lines at 7 K below 2.6 THz that have not been reported before. The line width of all these absorption lines increases with temperature below 100 K, while for the two strongest lines it decreases with temperature above 100 K. Similarly, the line intensity decreases with temperature for all lines below 100 K, while for the two strongest lines the intensity attains a maximum between 100 and 200 K. Most of the absorption lines below 2.6 THz red shift linearly with increase of temperature. However, four of the inter-molecular lines blue shift with temperature. The blue shift was explained through interaction between intra-and inter-molecular hydrogen bonds. The ortho-NO 2 group forms intra-molecular hydrogen bonds with methyl and aromatic hydrogen. However, the same methyl hydrogen also forms an inter-molecular hydrogen bond with NO 2 group of a neighboring DNT molecule. Creation of DNT dimer through this inter-molecular hydrogen bond results in electron depletion in the intra-molecular hydrogen bonds. This results in red-shift of ortho-NO 2 twist mode. Thermal expansion of the inter-molecular hydrogen bond partially restores electron vibration modes are available in .mpeg format. Tentative assignment of the vibrational modes based on dimer modelling is given.
